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Abstract
Background: The myocardial wall of the left ventricle is a complex, multilayered structure and is not homogenous.
The aim of this study was to determine longitudinal strain (LS) in the three myocardial layers in normal pregnant
women according to gestation proceedings.
Methods: The advanced two-dimensional speckle tracking echocardiography (2D STE) was performed on 62
women during each pregnancy trimester and 6 to 9 weeks after delivery, while 30 age-matched, healthy,
nonpregnant women served as controls. LS on endocardial, mid-myocardial and epicardial layers at 18 cardiac
segments were measured.
Results: As gestation proceeded, all of layer-specific LS and global LS progressively decreased, which subsequently
recovered postpartum (P < 0.05), and the LS gradient between inner and outer myocardium became greater, which
reached its maximum in the late pregnancy. Peak systolic LS was the highest at endocardium and the lowest at
epicardium, while the highest at the apical level and the lowest at the base (P < 0.05). In the early pregnancy and
postpartum, LS at basal level was homogenous, meanwhile layer-specific LS showed significant differences at
mid-ventricular and apical level throughout the progress of normal pregnancy (P < 0.05).
Conclusions: Using 2D STE, three-layer assessment of LS can be performed in pregnant women and shall give us
new insights into the quantitative analysis of global and regional LV function during pregnancy. Future studies on
the detection of pregnancy related heart disease would require these parameters as reference values for each time
point of a normal pregnancy.
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Background
The cardiovascular system undergoes a number of changes
during normal pregnancy, including increase in cardiac
output and extracellular fluid volume as well as decrease in
blood pressure, which are necessary for proceeding of a
successful pregnancy. However, dramatical expansion in
blood volume during gestation not only can meet the in-
creased metabolic demands of tissue but also can exacer-
bate cardiac conditions of pregnant women. Although
maternal heart disease just complicates a small number of
pregnancies overall, it is the leading cause of nonobstetric
mortality during pregnancy [1]. So the comprehensive
understanding of maternal cardiac function during
non-complicated pregnancy is essential to the recog-
nition of cardiac pathology and appropriate monitor-
ing obstetrical patients.
Reduction of myocardial deformation accompanied with
progressive cardiac hypertrophy according to gestation
period has been described in previous studies [2–4]. These
reports focus on the global myocardial wall thickness ra-
ther than different layers of the myocardium ranging from
endocardium to epicardium. However, the myocardial wall
of the left ventricle (LV) is a complex, multilayered struc-
ture and is not homogenous [5]. Until recently, speckle
tracking echocardiography (STE) has been upgraded,
which allows to quantify myocardial function in three
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layers [6]. Layer-specific differences of myocardial per-
formance and deformation have been analyzed in normal
subjects and different heart diseases [6–9]. However, still
little is known about how differently multilayer myocar-
dium contributes to myocardial deformation throughout
the progress of normal pregnancy. In this study, we used
the advanced two-dimensional (2D) STE to evaluate
myocardial deformation within each of three myocar-
dial layers, an endocardial, mid-myocardial, and epi-
cardial layer. The aim of this study was to determine
longitudinal strain (LS) in each of the three myocar-
dial layers in normal pregnant women according to
gestation proceeding.
Methods
Sixty-two of 71 subjects with singleton pregnancy (mean
age, 28.2 ± 6.6 years; range, 24–36 years) and 30 age-
matched, healthy, nonpregnant women were involved after
informed consent and with approval from the Affiliated
Hospital of Qingdao University Ethics Committee. Four
visits were planned during the study: trimester 1, 12–14
weeks; trimester 2, 22–28 weeks; trimester 3, 36–40 weeks
and 6–9 weeks after delivery. Enrolled criteria of healthy
pregnant women was that they were without medical dis-
eases, such as cardiovascular disorders, renal disease etc.,
and without obstetrical complications, such as gestational
diabetes mellitus or pregnancy-induced hypertension. Sub-
jects who had poor echo quality or any fetal abnormalities
were excluded from the study.
Subjects underwent standard 2D echocardiographic
examinations using commercially available ultrasound
machine (Vivid E9; GE Healthcare, Horten, Norway)
equipped with a M5S transducer. The following parame-
ters were performed by M-Mode in the parasternal
long-axis view as recommended [10]: interventricular
septum (IVSd), posterior wall (PWd), left ventricular
end-diastolic (LVEDd) and endsystolic (LVEDs) diame-
ters. LV ejection fraction and stroke volume were calcu-
lated as previously described. Relative wall thickness
(RWT) was calculated as (IVSd + PWd)/LVEDd. Cardiac
indices were normalized for body surface area. Three ap-
ical long-axis scans were obtained at the apical four-
chamber, two-chamber, and long-axis planes. Moreover,
standard short-axis views were acquired at the basal,
mid-ventricular and apical level. Tissue pulsed Doppler
was recorded in the apical four- and two- chamber view.
The average of peak systolic velocities (Sm), early diastolic
velocities (Em), and late diastolic velocities (Am) at the
septal, lateral, anterior, and inferior at mitral annulus were
computed. The LV was divided into 18 cardiac segments:
6 segments (anterior, anteroseptal, inferior, lateral, poster-
ior, and septal) at 3 levels (basal, mid, and apical). The
frame rate was 52–94 frames/s. Peak systolic LS was ob-
tained in three myocardial layers from the apical views.
All image acquisitions were performed throughout three
consecutive cardiac cycles during breath-holds.
All grayscale images of the apical long-axis 2D echo-
cardiography were analyzed frame by frame using an off-
line software package (EchoPAC, PC version 113.1). The
endocardial borders were delineated in the end-systolic
frame of the images at the 3 apical views. Subsequently,
the myocardial wall was automatically defined with mul-
tiple chains of nodes for allowing assessment of longitu-
dinal endocardial, mid-myocardial and epicardial strains
(Fig. 1). Then, quantitative myocardial parameters for each
segment were evaluated in an 18 segment LV model (six
segments at each level) at all three acquired apical long-
axis views (Fig. 2). Deformation parameters were deter-
mined as average of the three consecutive beats. The myo-
cardial deformation at the basal, mid-ventricular and
apical levels were averaged to global longitudinal strain
(GLS) in the endocardial layer (GLS-endo), in the mid-
myocardial layer (GLS-mid) and in the epicardial layer
(GLS-epi), respectively. All segmental values were aver-
aged to ventricular GLS.
Statistical analysis was performed with SPSS (version
17.0). Data were shown as mean ± SD. LS was presented
in its absolute value. Comparison of continuous variables
was performed with independent sample t tests or
ANOVA as appropriate. Reproducibility was assessed by
the mean percentage error (absolute difference divided
by the mean of the 2 observations). P < 0.05 was consid-
ered to indicate statistical significance.
Results
Table 1 shows the clinical and hemodynamic character-
istics of the pregnant women and controls. As the preg-
nancy progressed, diastolic blood pressure and mean
blood pressure were slightly reduced but followed by a
mild increase toward the third trimester. Due to late in-
crease in heart rate and in stroke volume, the cardiac
index increased progressively by a mean of 33 % between
the first and third trimesters.
Table 2 summarizes the parameters of LV geometry
and function in the study population. There was a pro-
gressive increase in LV volume and LV wall thickness,
which resulted in slightly eccentric hypertrophy during
pregnancy. From the first trimester to the third trimes-
ter, ejective fraction and peak myocardial velocity of mi-
tral annulus Sm decreased by 4.44 and 8.37 %,
respectively. Those changes had almost returned to con-
trol levels in the postpartum study.
Data of layer-specific GLS in pregnant women is
depicted in Table 3. Among 4464 segments with preg-
nant women, 4132 (92.56 %) segments were successfully
analyzed while 512 (94.81 %) out of 540 segments with
control subjects were assessed by modified speckle-
tracking imaging. All of GLS showed significant decrease
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in late pregnancy, consistent with the slightly decline of
ejective fraction, and followed by a recovery postpartum.
During normal pregnancy, GLS was the highest at endo-
cardium, lower at mid-myocardium, and the lowest at
epicardium and the deformation of all three-layer myo-
cardial wall showed a decreasing tendency in the third
trimester, which subsequently recovered after delivery
(Fig. 3). As the gestation proceeded, the absolute differ-
ence in GLS-endo and GLS-epi became greater, which
reached its maximum in the late pregnancy. The global
epicardial-to-endocardial gradient was 21.21 % in tri-
mester 1, 22.37 % in trimester 2, 24.81 % in trimester 3,
and 20.40 % postpartum, respectively.
The peak LS of three myocardial layers at the basal,
mid-ventricular, and apical levels of the LV in pregnancy
are reported in Table 4. Considering a layer-specific
analysis of myocardial deformation in normal pregnancy,
all of the peak systolic LS in the endocardium, mid-
myocardium and epicardium were gradually increased
from the base to the apex, the greatest in the apical level
and the lowest in the base (Fig. 4). Moreover, the differ-
ence between inner and outer myocardium at each level
increased during pregnancy. The epicardial-to-endocardial
gradient was 5.26, 21.53 and 33.65 % at the basal, mid-
ventricular and apical level in the first trimester, 6.66,
22.04 and 36.26 % in the second trimester, 7.51, 22.37 and
38.08 % in the third trimester, respectively, meanwhile it
was 5.98, 22.76 and 33.51 % postpartum compared with
3.97, 23.29 and 38.15 % in the control subjects, respect-
ively. In the trimester 1 and the post delivery period, peak
systolic LS in the three layers were similar at the basal
level. However, at both mid-ventricular and apical level,
Fig 1 Multiple-dotted lines in three myocardial layers at the three parasternal long-axis scans. The endocardial borders are delineated in the
end-systolic frame of the images at the apical four-chamber, two-chamber, and long-axis planes. Subsequently, the myocardial wall is automatically
defined with multiple chains of nodes for allowing assessment of longitudinal endocardial, mid-myocardial and epicardial strains
Fig 2 Layer-specific strain curves in each segment. Quantitative myocardial parameters for each segment are evaluated in an 18 segment LV
model (six segments at each level) at all three acquired parasternal long-axis views
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there was significantly difference among layer-specific
myocardial deformation during the gestation period and
postpartum.
Table 5 summarizes the univariate relations of
layer-specific strain in the third trimester during preg-
nancy. The GLS in the endocardial, mid-myocardial
and epicardial layers showed significant associations
with gestation period, maternal age, BSA and with
other ventricular parameters as LVEDd, RWT, spher-
icity index as well as LVEF.
For deformational assessments of the endocardial,
mid-myocardial, and epicardial layers, intraobserver and
interobserver variability were 11.7 %, 12.3 %, 12.4 %, re-
spectively, and 12.3 %, 12.8 %, 12.6 %, respectively.
Discussion
A comprehensive evaluation of systolic LV function re-
quires the consideration of all of the parameters on the
global and local level. The indices of LV myocardial
strain describe ventricular deformation at regional level,
which have been demonstrated to be more sensitive and
accurate in the identification of LV functional impair-
ment compared with global performance of the heart
[11, 12]. A number of studies on maternal myocardial
deformation during pregnancy have been published, but
there is still controversy regarding the changes in LV
performance [2–4, 13, 14]. Moreover, these findings ana-
lyzed the myocardial function considering the complete
wall thickness without further distinction between
Table 1 Clinical and hemodynamic characteristics in pregnant women
Variable Controls Trimester 1 Trimester 2 Trimester 3 Postpartum
- (13.6 ± 2.2)wk (24.8 ± 3.4)wk (38.1 ± 2.6)wk (7.4 ± 2.4)wk
No. participants 30 62 62 62 62
Weight(kg) 59.3 ± 11.4 61.1 ± 9.6 68.2 ± 8.5*†‡§ 72.8 ± 7.0*† 62.8 ± 13.5‡
BSA(m2) 1.63 ± 0.12 1.64 ± 0.20 1.66 ± 0.11‡ 1.74 ± 0.10*† 1.66 ± 0.18‡
Heart rate(bpm) 81.1 ± 14.3 82.6 ± 12.4 85.1 ± 17.2 90.1 ± 9.8*† 81.3 ± 14.2‡
SBP(mmHg) 104.2 ± 10.7 105.1 ± 8.7 102.9 ± 11.5 107.6 ± 9.6 110.2 ± 10.3
DBP(mmHg) 64.4 ± 8.0 64.3 ± 6.9 61.3 ± 6.8‡§ 67.2 ± 7.9 68.6 ± 6.2
MBP(mmHg) 79.3 ± 8.5 80.5 ± 7.0 76.5 ± 6.2‡§ 81.7 ± 7.7 83.3 ± 8.1
CI (l · min-1 · m-2) 2.98 ± 0.76 3.01 ± 0.66 3.59 ± 0.79* 4.06 ± 0.72*† 3.36 ± 0.72‡
SVI(ml/m2) 34.58 ± 6.23 35.11 ± 9.60 37.56 ± 8.52 39.03 ± 5.34*† 36.56 ± 7.54
Data are given as mean ± SD, BSA indicates Body surface area
SBP systolic blood pressure, DBP diastolic blood pressure, MBP mean blood pressure, CI cardiac index, SVI stroke volume index
*P < 0.05 vs. Controls; †P < 0.05 vs. Trimester 1; ‡P < 0.05 vs. Trimester 3; §P < 0.05 vs. Postpartum
Table 2 The morphological and functional changes in the left ventricle in pregnant women
Variable Controls Trimester 1 Trimester 2 Trimester 3 Postpartum
- (13.6 ± 2.2)wk (24.8 ± 3.4)wk (38.1 ± 2.6)wk (7.4 ± 2.4)wk
LVEDd (mm) 44.18 ± 2.50 45.28 ± 2.83 46.88 ± 3.40 48.84 ± 3.26*† 46.31 ± 3.14
LVEDs (mm) 28.08 ± 2.84 28.24 ± 3.21 29.62 ± 2.91 30.46 ± 2.81* 28.72 ± 2.51
RWT 0.25 ± 0.09 0.27 ± 0.07 0.28 ± 0.05 0.29 ± 0.06* 0.26 ± 0.06
LVMi (g/m2) 59.25 ± 18.00 62.57 ± 24.81 66.37 ± 16.74 71.23 ± 14.46*† 63.14 ± 16.08‡
Sphericity index 0.27 ± 0.04 0.31 ± 0.07* 0.32 ± 0.05*§ 0.32 ± 0.06* 0.28 ± 0.06‡
LVEDV(ml) 76.14 ± 21.20 81.39 ± 19.54 83.78 ± 14.58 87.72 ± 17.18*† 82.77 ± 16.85‡
LVESV(ml) 32.00 ± 7.29 33.91 ± 6.16 36.30 ± 7.96* 39.67 ± 7.98* 34.08 ± 8.32
LVEDV index (ml/m2) 44.06 ± 17.44 41.93 ± 18.61 49.33 ± 14.49† 51.67 ± 12.65*† 46.63 ± 16.49
EF (%) 67.57 ± 5.12 68.00 ± 5.21 65.46 ± 4.49† 64.98 ± 3.93*† 66.89 ± 4.91
Sm (cm/min) 7.01 ± 1.63 7.06 ± 1.24 6.82 ± 1.03 6.47 ± 1.21*† 6.93 ± 1.72
E/Em 8.33 ± 1.07 11.56 ± 2.08* 12.46 ± 3.18* 13.34 ± 4.33* 9.04 ± 4.05
Data are given as mean ± SD, LVEDd indicates left ventricular end-diastolic dimension
LVEDs left ventricular end-systolic dimension, RWT relative wall thickness, LVMi left ventricular mass index, LVEDV indicates left ventricular end-diastolic volume,
LVESV left ventricular end-systolic volume, EF ejection fraction, Sm average of peak systolic velocities, E peak early diastole transmitral wave velocity, Em average
of peak early diastolic velocities
*P < 0.05 vs. Controls; †P < 0.05 vs. Trimester 1; ‡P < 0.05 vs. Trimester 3;§P < 0.05 vs. Postpartum
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different layers of the myocardium. To the best of our
knowledge, this study is the first to demonstrate the de-
formation of layer-specific myocardium, endocardial,
mid-ventricular and epicardial layers during normal
pregnancy using the modified 2D STE.
During pregnancy, a series of dramatic changes in car-
diovascular system, including increases in blood volume
and cardiac output as well as decreases in LV afterload,
occur to meet the drastic increases in the metabolic de-
mands and thus supply adequate blood to the growth of
the fetus. In the present study, LV size gradually enlarged
according to gestational weeks. From early to late preg-
nancy, cardiac index progressively elevated by about one
third resulting from accelerated heart rate and increased
stroke volume. Blood pressure, afterload of LV, slightly
decreased during mid-pregnancy and tended to increase
toward the third trimester. As a response to the changes
in the volume and pressure, a slight cardiac hypertrophy
occurred to enable the heart to fulfill its function during
pregnancy. These changes slowly returned to normal
value postpartum. Our data about hemodynamic and
morphological changes during pregnancy is in concord-
ance with the previous studies [2–4, 15].
The quantitative assessment of LS is an important part
of echocardiophic analysis. The longitudinal behavior of
ventricular wall is principal deformation of the heart
[11], which represents as shortening and lengthening of
myocardial fibers from the base to the apex [16]. In the
current study, we found the ventricular GLS decreased
significantly in late pregnancy. This is similar to the pre-
vious studies, which had demonstrated that the global
myocardial deformation in three dimensions, longitu-
dinal, circumferential as well as radial strain, reduced
markedly in the third trimester [2, 3]. Those reports con-
sidered multilayered structure of the ventricular wall as a
total thickness. However, the LV wall is not homogenous,
which is composed of three layers of myocardium ranging
from endocardium to epicardium. Spatial configuration of
ventricular myocardial fibers in the subendocardial and
subepicardial layers provide sequential contractile activity
of ventricle and contribute to the equal redistribution of
stress and strain of heart [5, 17]. Furthermore, histologic
analyses have proved that different diseases could injury
the myocardial layers to a different extent and could result
in alternated predominant dysfunction in specific layers
[18, 19]. Thus, evaluation myocardial deformation just
across the ventricular wall thickness is not able to provide
comprehensive information of the cardiac function.
Our data showed that, with the pregnancy proceeding,
all GLS in each of three myocardial layers, endocardium,
mid-myocardium, and epicardium reduced and reached
its lowest in the trimester 3, which recovered after deliv-
ery. An increased epicardial-to-endocardial gradient of
LS were described from the basal to the apical level of
Table 3 Three-layer longitudinal strain evolution during pregnancy
Controls Trimester 1 Trimester 2 Trimester 3 Postpartum
(13.6 ± 2.2)wk (24.8 ± 4.4)wk (38.1 ± 2.6)wk (7.4 ± 2.4)mo
GLS-endo (%) 24.32 ± 4.11 24.10 ± 2.78 23.97 ± 2.98‡ 21.40 ± 3.07*† 24.02 ± 3.17‡
GLS-mid (%) 21.15 ± 2.90 20.98 ± 3.20 21.03 ± 3.21‡ 18.34 ± 2.76*† 21.18 ± 2.26‡
GLS-epi (%) 18.96 ± 2.84 19.01 ± 3.33 18.61 ± 2.83‡ 16.09 ± 2.57*† 19.12 ± 3.33‡
Avg.GLS (%) 20.34 ± 2.97 21.09 ± 3.15 21.21 ± 2.60‡ 18.62 ± 2.81*† 20.95 ± 3.06‡
Data are given as mean ± SD in absolute values. GLS indicates the global longitudinal strain; GLS-endo, the average value of global longitudinal strain in the
endocardial layer at the basal, mid-ventricular and apical levels; GLS-mid, the average value of global longitudinal strain in the mid-myocardial layer at the basal,
mid-ventricular and apical levels; GLS-epi, the average value of global longitudinal strain in the epicardial layer at the basal, mid-ventricular and apical levels
*P < 0.05 vs. Controls; †P < 0.05 vs. Trimester 1; ‡P < 0.05 vs. Trimester 3; §P < 0.05 vs. Postpartum
Fig 3 Evolution of three-layer longitudinal strain during pregnancy. Data are presented as mean ± SD in absolute values. *P < 0.05 vs. Controls;
†P < 0.05 vs. Trimester 1; ‡P < 0.05 vs. Trimester 3; §P < 0.05 vs. Postpartum
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the ventricle in pregnant women, which is in agreement
with the findings of layer-specific LS in normal non-
pregnant subjects [7, 9]. We noticed that the deform-
ation of three-layer myocardium at the basal level was
significantly different in the second and the third trimes-
ter, while it was almost homogenous in the early
pregnancy and postpartum as well as non-pregnant con-
trols. This finding may be resulted from hemodynamic
and cardiac morphological changes in the middle and
late pregnancy.
Both ventricular GLS and layer-specific LS reflect
myocardial function regulated by regional condition of
Table 4 Three-layer longitudinal strain at the basal, mid-ventricular, and apical levels of the left ventricle in pregnancy
Controls Trimester 1 Trimester 2 Trimester 3 Postpartum
(13.6 ± 2.2)wk (24.8 ± 4.4)wk (38.1 ± 2.6)wk (7.4 ± 2.4) wk
Basal level (%)
Endocardial layer (%) 18.62 ± 4.01 19.01 ± 5.67 18.91 ± 4.67‡ 16.77 ± 4.91*† 18.91 ± 4.33‡
Mid-myocardial layer (%) 19.09 ± 4.61 18.65 ± 4.27 18.59 ± 4.67‡ 16.08 ± 4.57*† 18.79 ± 5.07‡
Epicardial layer (%) 17.88 ± 3.72 18.01 ± 4.70 17.65 ± 4.70‡ 15.51 ± 4.36*† 17.78 ± 4.22‡
P -value (between layers) . > 0.05 >0.05 <0.05 < 0.05 > 0.05
Mid-ventricular level (%)
Endocardial layer (%) 23.31 ± 5.16 22.95 ± 4.53 22.64 ± 4.11‡ 19.98 ± 3.31*† 23.02 ± 5.26‡
Mid-myocardial layer (%) 20.92 ± 5.22 20.72 ± 4.31 20.57 ± 4.29‡ 18.18 ± 3.80*† 21.07 ± 4.92‡
Epicardial layer (%) 17.88 ± 3.72 18.01 ± 4.70 17.65 ± 4.70‡ 15.51 ± 4.36*† 17.78 ± 4.22‡
P-value (between layers) < 0.01 < 0.01 < 0.001 < 0.001 < 0.01
Apical level (%)
Endocardial layer (%) 30.77 ± 6.23 30.19 ± 5.65 30.36 ± 7.44‡ 27.47 ± 6.97*† 29.96 ± 5.44‡
Mid-myocardial layer (%) 24.63 ± 6.05 23.83 ± 5.19 24.03 ± 6.06‡ 20.77 ± 5.47*† 24.21 ± 6.46‡
Epicardial layer (%) 19.03 ± 4.77 20.03 ± 5.65 19.35 ± 5.30‡ 17.01 ± 4.79*† 19.92 ± 4.82‡
P-value (between layers) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Data are given as mean ± SD in absolute values; *P < 0.05 vs. Controls; †P < 0.05 vs. Trimester 1; ‡P < 0.05 vs. Trimester 3
Fig 4 LV longitudinal strain of endocardial, mid-myocardial, and epicardial layers in normal pregnancy. Data are presented as mean ± SD in
absolute values. *P < 0.05 vs. basal; **P < 0.01 vs. basal; ***P < 0.001 vs. basal; †P < 0.05 vs. mid-ventircular; † † P < 0.01 vs. mid-ventircular;
† † †P < 0.001 vs. mid-ventircular
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ventricular loading and chamber morphology. To pro-
duce the same stroke volume, there is an inverse rela-
tionship between heart size and strain [20]. During early
and middle pregnancy, a decreased cardiac afterload was
balanced by an enlarged ventricular chamber and thus
stroke volume index does not significantly increase. As a
result, global and layer-specific strain keeps stable.
Hypertrophy is commonly seen as a primary mechanism
of the heart to reduce stress on the ventricular walls
[21]. At the end of pregnancy, a mild cardiac hyper-
trophy happened, but it could not completely balance
further increase in LV size and higher cardiac afterload.
Therefore, longitudinal deformation both across total
wall thickness and in multiple-layer myocardium signifi-
cantly decreased despite an increasing stroke work.
In addition, LV hypertrophy during pregnancy is a
complex process including a number of changes in
extracellular matrix [2], the hormonal levels as well as
the molecular mechanism. Recent studies have shown
there is a unique system of molecular signaling pathway
involved in pregnancy-induced hypertrophy [22–24].
The ubiquitin-proteasome system is known to play an
important role in the degradation of damaged and mis-
folded proteins in the heart [25]. Both trypsin-like activ-
ity (β2) and chymotrypsin-like activity (β5), the subunit
of the ubiquitin-proteasome system, were reported
significantly elevated to the highest level in the sub-
endocardium in a canine model of LV hypertrophy
[26]. This possibly is one of the reasons for different
strains in multiple myocardium during pregnancy.
However, the precise role of molecular mechanism in
physiological heart hypertrophy during pregnancy is
still little known yet.
The present study on three-layer myocardial deform-
ation in normal pregnancy can be essential for better un-
derstanding of different pathological or disease stage
during pregnancy, and this is likely to give new insight
into the clinically relevant therapies for pregnancy-
induced cardiovascular complications, such as peripar-
tum cardiomyopathy and pre-eclampsia.
The limitations of the present study are as follows.
Firstly, the vendor-specific software to analyze layer-
specific strain has not been validated by sonomicrome-
try. However, the current speckle tracking software has
already been proved to be in coincidence with MRI both
experimentally and clinically for detailed evaluation of
layer-specific myocardial function. Secondly, due to con-
tinuity of myocardial fibers, the deformation parameters
within the three layers are not completely isolated and
absolute, and they influence each other. Thirdly, STE
analysis depends on spatial resolution that tends to de-
crease with depth settings and higher frame rates.
Fourthly, there are several dimensional movements of
LV myocardium, longitudinal, circumferential and radial
axis. The present study just focuses on the longitudinal
deformation, the primary strain of the heart during preg-
nancy. Lastly, it doesn’t have clear clinical implications
of layer-specific LS, since at the moment it’s hard to see
a real utility in measuring a well-known physiological ef-
fect in normal pregnancies.
Conclusions
Using 2D STE, three-layer assessment of LS can be per-
formed in pregnant women and shall give us new in-
sights into the quantitative analysis of global and
regional LV function during the pregnancy. Future stud-
ies on the detection of pregnancy related heart disease
would require these parameters as reference values for
each time point of a normal pregnancy.
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Cong et al. Cardiovascular Ultrasound  (2016) 14:45 Page 7 of 8
Authors’ contributions
JC conceived of the study, performed the experiments and draft the
manuscript. ZBW participated in the design and performed the experiments.
HJ participated in the experiments. WGW carried out the statistical analysis.
KG participated in the statistical analysis and the experiments. YYM
participated in the experiments. YL helped to draft the manuscript. All
authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Ethics approval and consent to participate
This study had been approved by the Affiliated Hospital of Qingdao
University Ethics Committee on March 3, 2014 (No.2014-103). All subjects
were involved in the study after signing a consent from (including provide
their data in any form to publish). Please contact author for data requests.
Author details
1Department of Echocardiography, The Affiliated Hospital of Qingdao
University, Qingdao, Shandong Province, China. 2Department of Cardiology,
The Affiliated Hospital of Shandong Medical College, Linyi, Shandong
Province, China.
Received: 3 October 2016 Accepted: 2 November 2016
References
1. Presbitero P, Boccuzzi Giacomo G, Groot Christianne JM, Roos-Hesselink
Jolien W. ESC textbook of cardiovascular medicine. Oxford: Oxford
University Press; 2009.
2. Savu O, Jurcut R, Giusca S, van Mieghem T, Gussi I, Popescu BA, Ginghina C,
Rademakers F, Deprest J, Voigt JU. Morphological and functional adaptation
of the maternal heart during pregnancy. Circ Cardiovasc Imaging. 2012;5:
289–97.
3. Cong J, Fan T, Yang X, Squires JW, Cheng G, Zhang L, Zhang Z. Structural
and functional changes in maternal left ventricle during pregnancy: a
three-dimensional speckle-tracking echocardiography study. Cardiovasc
Ultrasound. 2015;13:6.
4. Simmons LA, Gillin AG, Jeremy RW. Structural and functional changes in left
ventricle during normotensive and preeclamptic pregnancy. Am J Physiol
Heart Circ Physiol. 2002;283:H1627–33.
5. Torrent-Guasp F, Ballester M, Buckberg GD, Carreras F, Flotats A, Carrio I,
Ferreira A, Samuels LE, Narula J. Spatial orientation of the ventricular muscle
band: physiologic contribution and surgical implications. J Thorac
Cardiovasc Surg. 2001;122:389–92.
6. Adamu U, Schmitz F, Becker M, Kelm M, Hoffmann R. Advanced speckle
tracking echocardiography allowing a three-myocardial layer-specific
analysis of deformation parameters. Eur J Echocardiogr. 2009;10:303–8.
7. Leitman M, Lysiansky M, Lysyansky P, Friedman Z, Tyomkin V, Fuchs T,
Adam D, Krakover R, Vered Z. Circumferential and longitudinal strain in 3
myocardial layers in normal subjects and in patients with regional left
ventricular dysfunction. J Am Soc Echocardiogr. 2010;23:64–70.
8. Sarvari SI, Haugaa KH, Zahid W, Bendz B, Aakhus S, Aaberge L, Edvardsen T.
Layer-specific quantification of myocardial deformation by strain
echocardiography may reveal significant CAD in patients with non-ST-segment
elevation acute coronary syndrome. J Am Coll Cardiol Img. 2013;6:535–44.
9. Shi J, Pan C, Kong D, Cheng L, Shu X. Left Ventricular Longitudinal and
Circumferential Layer-Specific Myocardial Strains and Their Determinants in
Healthy Subjects. Echocardiography (Mount Kisco, NY). 2016;33:510–8.
10. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L,
Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru
D, Picard MH, Rietzschel ER, Rudski L, Spencer KT, Tsang W, Voigt JU.
Recommendations for cardiac chamber quantification by echocardiography
in adults: an update from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. J Am Soc
Echocardiogr. 2015;28:1–39. e14.
11. Reisner SA, Lysyansky P, Agmon Y, Mutlak D, Lessick J, Friedman Z. Global
longitudinal strain: a novel index of left ventricular systolic function. J Am
Soc Echocardiogr. 2004;17:630–3.
12. Leitman M, Lysyansky P, Sidenko S, Shir V, Peleg E, Binenbaum M, Kaluski E,
Krakover R, Vered Z. Two-dimensional strain-a novel software for real-time
quantitative echocardiographic assessment of myocardial function. J Am
Soc Echocardiogr. 2004;17:1021–9.
13. Sengupta S. P., Bansal M., Hofstra L., Sengupta P. P. and Narula J. Gestational
changes in left ventricular myocardial contractile function: new insights
from two-dimensional speckle tracking echocardiography. Int J Cardiovasc
Imaging. 2016. doi:10.1007/s10554-016-0977-y.
14. Ando T, Kaur R, Holmes AA, Brusati A, Fujikura K, Taub CC. Physiological
adaptation of the left ventricle during the second and third trimesters of a
healthy pregnancy: a speckle tracking echocardiography study. Am J
Cardiovasc Dis. 2015;5:119–26.
15. Mesa A, Jessurun C, Hernandez A, Adam K, Brown D, Vaughn WK, Wilansky
S. Left Ventricular Diastolic Function in Normal Human Pregnancy.
Circulation. 1999;99:511–7.
16. D’Hooge J, Heimdal A, Jamal F, Kukulski T, Bijnens B, Rademakers F, Hatle L,
Suetens P, Sutherland GR. Regional strain and strain rate measurements by
cardiac ultrasound: principles, implementation and limitations. Eur J
Echocardiogr. 2000;1:154–70.
17. Vendelin M, Bovendeerd PH, Engelbrecht J, Arts T. Optimizing ventricular
fibers: uniform strain or stress, but not ATP consumption, leads to high
efficiency. Am J Physiol Heart Circ Physiol. 2002;283:H1072–81.
18. Picano E, Pelosi G, Marzilli M, Lattanzi F, Benassi A, Landini L, L’Abbate A. In
vivo quantitative ultrasonic evaluation of myocardial fibrosis in humans.
Circulation. 1990;81:58–64.
19. Flameng W, Wouters L, Sergeant P, Lewi P, Borgers M, Thone F, Suy R.
Multivariate analysis of angiographic, histologic, and electrocardiographic
data in patients with coronary heart disease. Circulation. 1984;70:7–17.
20. Marciniak A, Claus P, Sutherland GR, Marciniak M, Karu T, Baltabaeva A, Merli E,
Bijnens B, Jahangiri M. Changes in systolic left ventricular function in isolated
mitral regurgitation. A strain rate imaging study. Eur Heart J. 2007;28:2627–36.
21. Hill JA, Olson EN. Cardiac plasticity. N Engl J Med. 2008;358:1370–80.
22. Eghbali M, Deva R, Alioua A, Minosyan TY, Ruan H, Wang Y, Toro L, Stefani
E. Molecular and functional signature of heart hypertrophy during
pregnancy. Circ Res. 2005;96:1208–16.
23. Eghbali M, Wang Y, Toro L, Stefani E. Heart hypertrophy during pregnancy:
a better functioning heart? Trends Cardiovasc Med. 2006;16:285–91.
24. Gonzalez AM, Osorio JC, Manlhiot C, Gruber D, Homma S, Mital S.
Hypertrophy signaling during peripartum cardiac remodeling. Am J Physiol
Heart Circ Physiol. 2007;293:H3008–13.
25. Predmore JM, Wang P, Davis F, Bartolone S, Westfall MV, Dyke DB, Pagani F,
Powell SR, Day SM. Ubiquitin proteasome dysfunction in human
hypertrophic and dilated cardiomyopathies. Circulation. 2010;121:997–1004.
26. Depre C, Wang Q, Yan L, Hedhli N, Peter P, Chen L, Hong C, Hittinger L,
Ghaleh B, Sadoshima J, Vatner DE, Vatner SF, Madura K. Activation of the
cardiac proteasome during pressure overload promotes ventricular
hypertrophy. Circulation. 2006;114:1821–8.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Cong et al. Cardiovascular Ultrasound  (2016) 14:45 Page 8 of 8
